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Abstract— We consider systems that can be described by
a linear part with a nonlinear perturbation, where the per-
turbation is parameterized by a vector of unknown, constant
parameters. Under a set of technical assumptions about the
perturbation and its relationship to the outputs, we present a
modular observer design technique. The observers produced by
this design technique consist of a modified high-gain observer
that estimates the states of the system together with the
full perturbation, and a parameter estimator. The parameter
estimator is constructed by the designer to identify the unknown
parameters by dynamically inverting a nonlinear equation. We
illustrate the design technique by constructing an observer for a
DC motor with friction modeled by the dynamic LuGre friction
model.

I. INTRODUCTION

A common problem in model-based estimation and control
is the handling of unknown or partially unknown perturba-
tions to system equations. Such perturbations can be the
result of external disturbances or internal plant changes,
such as a configuration change, system fault, or changes
in physical plant characteristics. In this paper, we consider
observer design for systems that can be described by a
linear part with a nonlinear, time-varying perturbation that is
parameterized by a vector of unknown, constant parameters.
Our design extends the results of [1], [2], where parameter
identification for systems with full state measurement was
considered.

In the literature, many of the results that deal with the
handling of unknown or partially unknown perturbations
are based either on high-gain designs, where the pertur-
bations are suppressed by using a sufficiently high gain,
or adaptive designs, where online estimates of unknown
parameters are used to cancel the perturbations. Many of the
results on high-gain observer design for nonlinear systems,
for example [3], [4], rely on placing the system in some
variation of the normal form, where it is represented as a
chain of integrators from the nonlinearities to the outputs,
possibly with a separate subsystem representing the zero
dynamics. An alternative to the normal form is the special
coordinate basis (SCB) introduced in [5], where the system
is divided into subsystems that reflect its zero structure and
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invertibility properties. While high-gain designs based on the
normal form are limited to systems that are square-invertible,
minimum-phase, and of uniform relative degree with respect
to the nonlinearities, [6] shows that high-gain observers can
be designed based on the SCB for more general multiple-
input multiple-output (MIMO) systems that are left-invertible
and minimum-phase with respect to the nonlinearities.

In the presence of an unknown perturbation, high-gain
observer designs can be extended by considering the pertur-
bation as an additional state to be estimated. The perturbation
estimate can be used for control, for example, to cancel the
actual perturbation. This type of approach has been adopted
recently in the context of performance recovery, in [7], where
the perturbation appears in the first derivatives, and in [8],
where it appears at the end of an integrator chain in a single-
input single-output (SISO) system, and is estimated by an
extended high-gain observer. A strength of the high-gain
designs mentioned above is that little structural informa-
tion about the perturbation is needed for implementation.
Conversely, however, these methods do not fully exploit
structural information about uncertainties in the perturbation,
even when such information is available.

Adaptive techniques are based on online estimation of
unknown parameters that can be considered constant or
slowly varying. Most of the adaptive literature deals with
systems that are linear with respect to the unknown param-
eters (see, e.g., [9]). Ways of handling nonlinear param-
eterizations include the extended Kalman filter (see [10]),
various methods for handling nonlinearities with convex or
concave parameterizations [11]-[14], and methods for first-
order systems with fractional parameterizations [15]-[17].
Adaptive techniques related to our work include [18]-[20]. In
[18], perturbations with matrix fractional parameterizations
are considered, by introducing an auxiliary estimate of the
full perturbation that is used in estimation of the unknown
parameters. In [19], adaptive update laws for a class of
nonlinearly parameterized perturbations in the first deriva-
tives of the outputs are designed, by first creating virtual
algorithms based on information from the derivatives, and
then transforming these into implementable form without
explicit differentiation. In [20], adaptive control for linear
parameterizations is designed for the case of full state
measurement, and then extended to the case of partial state
measurement by using high-gain estimates of the output
derivatives.

In this paper, we introduce a modular design consisting
of two separate but connected modules. The first module
is a modified high-gain observer that estimates the states



of the system and the unknown perturbation. The second
module is a parameter estimator that uses the state and
perturbation estimates to produce estimates of the unknown
parameters, which are in turn fed back to the modified high-
gain observer. This approach allows us to exploit structural
information about the perturbation instead of suppressing all
uncertainties using high gain. The price we pay is that the
method is restricted to a limited class of perturbations that
satisfy persistency-of-excitation requirements allowing for
exponentially stable estimation of the unknown parameters.
We base our design on the SCB and the theory from [6],
enabling us to deal comfortably with a large class of MIMO
systems.

A. Preliminaries

For a set of vectors zj,...,Z,, we denote by
col(z1,...,2n) the column vector obtained by stacking the
elements of z1,...,2Z,. The operator ||| denotes the Eu-
clidean norm for vectors and the induced Euclidean norm for
matrices. For a symmetric positive-semidefinite matrix P, the
maximum and minimum eigenvalues are denoted A.x(P)
and Apin(P). For a set E C R”, we write (E — E) =
{z1 — 22 € R" | 21,22 € E}. When considering systems of
the form z = F(t, z), we assume that all functions involved
are sufficiently smooth to guarantee that F: R>o xR"” — R”
is piecewise continuous in ¢ and locally Lipschitz continuous
in z, uniformly in #, on R5¢ x R”. The solution of this
system, initialized at time #y with initial condition z(fp) is
denoted z(¢). We shall often simplify notation by omitting
function arguments.

II. PROBLEM FORMULATION

We consider systems of the following type:

x=Ax+ Bu+ E¢$, xeR" uecR™ ¢ecRF (la)

y=Cx, yeR", (1b)

where x is the state; y is the output; ¢ is a perturbation to
the system equations; and u is a time-varying input that is
well-defined for all # € R>( and may include control inputs,
reference signals, measured disturbances, or other known
influences. For ease of notation, we introduce the vector v :=
col(u, y) of known signals. The perturbation is given by the
expression ¢ = g(v, x, ), where g: R"*" xR xR? — R¥
is differentiable in v and continuously differentiable in (x, 0),
and 6 € R? is a vector of constant, unknown parameters.
As we construct an estimator, additional smoothness require-
ments may be needed for g, as well as other functions, to
guarantee that the piecewise continuity and local Lipschitz
conditions in Section I-A hold for all systems involved. It is
left to the designer to check these requirements.

We shall design an observer to estimate both the state x
and the unknown parameter vector 6. The technicalities of
this observer design are most easily overcome if the time
derivative u is well-defined and piecewise continuous, and
X, u, u, and 6 are known a priori to belong to compact
sets. We shall therefore make this assumption throughout
the paper. We note that this assumption also implies that v

and v belong to compact sets. In most estimation problems,
the restriction of the variables to compact sets is reasonable,
because the states and inputs are typically derived from
physical quantities with natural bounds. When designing
update laws for parameter estimates, we also assume that
a parameter projection can be implemented as described
in [9], restricting the parameter estimates to a compact,
convex set ® C RZ, defined slightly larger than the set
of possible parameter values. The parameter projection is
denoted Proj(-). We denote by X C R”, V C R™*", and
V' C R™*" the compact sets to which x, v, and v belong,
and by ® the compact image of V' x X x ® under g.
For ease of notation, we define

dv,v,x,0,¢)= g—g(\),x, 9)\)+g—g(v,x, 0)(Ax+Bu+E¢),
v X

representing the time derivative of the perturbation ¢.

Assumption 1: The triple (C, A, E) is left-invertible and
minimum-phase.

Assumption 2: There exists a number $ > 0 such that for
all (v, 0,x,60,¢9) e VxV'xXxOx® and for all ()?,G,g?b) c
R”x@ng, d(v, 0. x.0,¢)—d(v,0,%,0,9)|| < Bllcol(x—
X.0-0.¢—9)|.

Remark 1: In Assumption 2, we specify a Lipschitz-like
condition on d, which is global in the sense that there are
no bounds on X and 43 Although this condition may appear
restrictive, we are free to redefine g(v, x, 0) outside V' x X x
® without altering the accuracy of the system description
(1). We may, for example, introduce a smooth saturation on
x outside X, in which case the condition can be satisfied by
requiring that g(v, x, 0) is sufficiently smooth.

In the following sections, we shall first present the mod-
ified high-gain observer, and then the parameter estimator.
While the modified high-gain observer has a fixed structure,
the parameter estimator can be designed in a number of
different ways to solve the equation ¢ = g(v,x,0) with
respect to 6. In Section IV we discuss several ways to design
the parameter estimator.

III. MODIFIED HIGH-GAIN OBSERVER

Our goal is to estimate both the state x and the pertur-
bation ¢. To accomplish this goal we extend the system by
introducing ¢ as a state. The extended system then becomes

m _ [g ’g] m + [g]u N [2{]d(v,v,x,9,¢), @

with y = Cx. We shall implement an observer for this
system of the following form:

$= AR + Bu+ E + Kx(s)(y — CR), (3a)
7= _a_g(v,je! é)é — a—g(\),fC7 é)Kx(S)(y - CX)
00 0x
+ Ky (e)(y — CH), Gb)
b =g, %, 0)+z. (c)

where K, (g) € R”" and Ky4(g) € R¥" are gain matrices
parameterized by a number 0 < & < I to be specified later.
In (3), we have made use of a parameter estimate 6 and its



time derivative. These values are produced by the parameter
estimation module, which we shall discuss in Section IV.
The perturbation estimate <],’> is seen to consist of g(v, X, 9)
plus an internal variable z. The variable z can be viewed as
an adjustment made to g(v, X, 6) to produce a more accurate
estimate of the perturbation. Taking the time derivative of 43
yields ¢ = d(v, v, %,0, ) + K4(e)(y — CX). Defining the
errors X = x — %, ¢ =¢ —¢, and j = y — C%, we may
therefore write the error dynamics of the observer as

X A Ef||x 0~ |Kx(e)
-1 B L Ee o
where d = d(v,v,x,0,¢) — d(u,\},ﬁ,é,dg). In the error
dynamics (4), the term d acts as an unknown disturbance,
and y is an available output. Our goal is to design a family
of gains K(¢) := [K](e), K; (€)]" such that, as the number
& becomes small, the modified high-gain observer produces
stable estimates with a diminishing effect from the parameter
error 6 := 6 — .
Lemma 1: The error dynamics (4) with input d and output
y, and gain K(g) = 0, is minimum-phase and left-invertible.
Proof: See Appendix. |

A. SISO Systems

Suppose first that k = r = 1, and consider the error
dynamics (4) with K(¢) = 0. Let n, denote the number of
invariant zeros in the system, and let n, = n—n, denote the
relative degree. Let A1, A,, and A3 denote the nonsingular
state, output, and input transformations that take the system
(4) with input d and output y, and with K(¢) = 0, to
the SCB. We apply these transformations to the system (4)
(without setting K(¢) = 0), by writing col(X,¢) = A1y,
y = Ay, and d = Aj368. From [6, Theorem 2.2], the
transformed state vector y is partitioned as y = col(yq, xq),
where y, has dimension n, and y, has dimension n,, and
the resulting system is written as

Xa = AaXa + Lagy — Ka(#)y, (5a)
g = Agxq + Bg(8 + Daya + Dgxq) — Kg(e)y, (5b)
y =Cqlq, (50)
where
0 1 0 0
Ag= 0 0 1 , By = ,Cq_[l 0 0]
00 --- 0 1

The matrices K,(¢) and K,(g) in (5) are observer gains,
related to the gain K (¢) by K(¢) = A1[Kj(e). Kj(e)]TAZ".
Once we have chosen K,(¢) and K,(g), we can therefore
implement the modified high-gain observer (3).

1) SCB Structure: In (5), the y, subsystem represents the
zero dynamics of (4). In particular, the eigenvalues of the
matrix A, correspond to the invariant zeros of (4). Since the
system is minimum-phase, this implies that A, is Hurwitz.
The x, subsystem represents the infinite zero structure of

(4), and consists of a single chain of integrators, from the
input § to the output y, with an interconnection to the zero
dynamics at the lowest level of the integrator chain.

2) Design of SISO Gains: To design the observer gains,
let K, := col(Ky,,... Kq” ) be chosen such that the
matrix H := A, — K;C, is Hurwitz. Because of the special
structure of A,, this is always possible by using regular
pole-placement techniques. Then, let K,(¢) = Lg; and
K, (e) = col(Ky, /e, ..., anq /€").

B. MIMO Systems

Consider again the error dynamics (4) with K(e) = 0. Let
ng and ng denote the number of invariant zeros and infinite
zeros in the system, respectively, and define np, = n—ng,—ny.
Let Ay, A, and A3 denote the nonsingular state, output, anc~1
input transformations that take the system (4) with input d
and output y, and with K(¢) = 0, to the SCB. We apply these
transformations to the system (4) (w1thout setting K(¢e) = 0),
by writing col(¥,¢) = A1y, 7 = Asy, and d = A3é.
From [6, Th. 2.6], the transformed state y is partitioned as
x = col(xa, b, Xq), Where y, has dimension n,, xp has
dimension np, and y, has dimension n4. The subsystem
Xg can be further partitioned as y; = col(xq,,-.-» Xqi )
where each Xa; j = 1,...,k, has dimension Ng;. The
transformed output is partitioned as y = col(yy, y»), where
Yq has dimension k and is further partitioned as y, =
col(Yg,»---.Yq;)s and yp has dimension rp := r — k. The
transformed input has dimension k and is further partitioned

as § = col(dy, ..., 8;). The resulting system is written as
Ha = AaYa + LagVq + Lap Vs
Kaq(e)vq — Kap )y, (6a)
Xb = AbXb + LbgVqg — Kbq(€)yg — Kpp(€)yp,  (6b)
Xa; = Ag; Xa; + LajaVa — Kq;q(&)vg — Kg;n ()
+ qu (Sj + Daj Xa T+ Dbj Xb + Dq_,- Xq)» (6¢)
Yo = Cbxb, Yq; = qu Xqj» (6d)

where Ag;, By;, and Cq; have the same special structure as
Ay, By, and C, in Section III-A, and where (Cp, Ap) is an
observable pair. The gains Kyq4(¢), Kap(e), Kpq(e), Kpp(€),
Kg,q(e), and Ky p(e), j = 1,....k, are related to K(e) by

Kaq(g) Kap(e)
K(e) = Ay | Kig(e)  Kpp(e) | AS (7)

Kyq(e) Kgp(e)
where Kg4(e) = [K; PLC) R qkq(s)]T and K p(e) =
(K 5. - K;kb(s)] . Once we have chosen Kgq4(e),

Kap(e), Kbq(e), Kpp(e), Kyq(e), and Kyp(e), we can there-
fore implement the modified high-gain observer (3) with the
gains given by (7).

1) SCB Structure: As in the SISO case, the y, subsys-
tem in (6) represents the zero dynamics of (4), with the
eigenvalues of A, corresponding to the invariant zeros of
(4). The system (6) has a yj subsystem that is not present
in the SISO case. This subsystem represents states that are
observable from the output y,, but that are not directly



affected by any inputs. As in the SISO case, the y, subsystem
represents the infinite zero structure of (4). It is divided into
k integrator chains, from §; to Ya; with interconnections to
other subsystems at the lowest level of each integrator chain.

2) Design of MIMO Gains: Let Kpp(e) = Kpp be
chosen independently from ¢ such that the matrix Ap —
KppCp is Hurwitz. This is always possible and can be
carried out using standard pole-placement techniques since
the pair (Cp, Ap) is observable. For each j € 1,...,k,
select Ky, = col(Kq 1. qu ) such that the matrix
Hj:= Aq; — qu Cy; is Hurwitz. Then, let Kqq(e) = Lag,
Kap(e) = Lgp, Kbq(s) = qu, qu(s) = 0, and let
Kg;q(€) = K4 + Lg;q, with K7, given by

Kq.l Kq ng:
. J J J .
[anj x(j—1) COl(Sﬁq_nqu,.--, pr) Ong, xk=j) | »

where 714 1= max;—1 .k Ng;-

Lemma 2: If the gains are chosen according to Section
III-A.2 (Ss1s0) or Section III-B.2 (MIMO), then there exists
0 < &* <1 such that for all 0 < & < &*, the error dynamics
(4) is input-to-state stable (ISS) with respect to 6.

Proof: See Appendix. |

Remark 2: By selecting the gains as described above,
we place n, poles of the linear part of the observer error
dynamics at the locations of the invariant zeros of (4), and
we place np poles freely, as the poles of Ay — KppCp. The
last n, poles are placed far into the left-half complex plane,
asymptotically as & becomes small.

IV. PARAMETER ESTIMATOR

As previously mentioned, the goal of the parameter esti-
mation module is to produce an estimate of 6 based on the
perturbation estimate qAﬁ and the state estimate x. For this to
work, we require an update law

6= ug(v.5..0). )

which, in the hypothetical case of perfect state and per-
turbation estimates (qAS = ¢ and X = x), would provide
an unbiased asymptotic estimate of 6. This requirement is
formally stated by the following assumption on the dynamics
of the error variable 6.

Assumption 3: There exist a differentiable function

ViiRso X (0 —0) — R0 and positive constants ay, ..., dq
such that for all (¢,0) € R5o x (©® — 0),
allléll2 < Va(t.0) < az2]6]?, ©)
( 0) — Fr (t Oug(v,x, 9.0 —0) < —asl|f] (10)
- < aq|f]|. (11)
‘ - 81

Furthermore, the upglate law (8) ensures that if é(lo) ISHCR
then for all 1 > ¢y, 0(t) € O.

Satisfying Assumption 3 constitutes the greatest challenge
in applying the method presented this paper, and this issue
is therefore discussed in the next section.

A. Satisfying Assumption 3
Assumption 3 guarantees that the origin of the error
dynamics

0= —ug(v, %.6,6 — ), (12)

is uniformly exponentially stable with (® — ®) contained
in the region of attraction whenever (]3 = ¢ and * =
x. Essentially, this amounts to asymptotically solving the
inversion problem of finding 6 given ¢ = g(v,x,0). In
the following, we shall discuss some possibilities for how
to satisfy Assumption 3. As a useful reference, we point
to [21], which deals with the use of state observers for
inversion of nonlinear maps. The material in this section
is a straightforward adaptation of [2, Sec. 3.2], which also
contains examples of each of the propositions below applied
to particular perturbations.

The most obvious way to satisfy Assumption 3 is to invert
the equality ¢ = g(v, x, ) algebraically, and to let 6 be
attracted to the solution. This may be possible the whole
time (Proposition 1), or just part of the time (Proposition 2).

Proposition 1: Suppose that for all (v,x,¢) € V x R" x
R¥, we can find a unique solution § = 0*(v, x, ¢) from the
equation ¢ = g(v, x, ). Then Assumption 3 is satisfied with
the update law ug(v, X, ¢> 9) = Proj(l'(0* (v, x ¢>) — 9))
where I' is a symmetric, positive-definite gain matrix.

_ Proof: The proof follows from using the function V;, =
%QTF_IQ when ¢ = ¢ and £ = x. [ ]

The proofs of the remaining propositions in this section
are found in the Appendix.

Proposition 2: Suppose that there exists a known, piece-
wise continuous function [:V x R" x R¥ — [0, 1], and
that for all (v,x,¢) € V x R" x R¥, I(v,x,¢) > 0
implies that we can find a unique solution 8 = 6*(v, x, ¢)
from the equation ¢ = g(v,x,0). Suppose furthermore
that there exist 7 > 0 and o > 0 such that for all
t € Ry, tt+Tl(v(t) x(1),¢(r))dr > o. Then Assump-
tion 3 is satisfied with the update law ug (v, X, b, 9)
Proj(I(v, X, $)T(0* (v, %, ) — §)), where T is a symmetric,
positive-definite gain matrix.

When it is not possible or desirable to solve the inversion
problem explicitly, it is often possible to implement the
update function as a numerical search for the solution.

Proposition 3: Suppose that there exist a positive-definite
matrix P and a function M:V x R” x ® — R?*¥ such that
for all (v,x) € V x R”, and for all pairs 61,6, € 0,

M(v, x, 91) (v x,6,)

T

+ 2—0 (v, x,0)M (v, x,6;) > 2P. (13)

Then Assumption 3 is satisfied with the update law
ug(v, £, ¢,0) = Proj(TM(v, %,0)(¢ — g(v. %, 0))), where
I' is a symmetric, positive-definite gain matrix.

Proposition 3 applies to certain monotonic perturbations
for which a solution can be found arbitrarily fast by increas-
ing the gain I'. In many cases this is not possible, because
the inversion problem is singular the whole time or part of



the time. The following proposition applies to cases where a
solution is only available by using data over longer periods of
time, by incorporating a persistency-of-excitation condition.
Proposition 4: Suppose that there exist a piecewise con-
tinuous function S:V x R" — S,4, where S,4 is the
cone of p x p positive-semidefinite matrices, and a function
M:V xR" x® — RP”**_both bounded for bounded x, such
that for all (v, x) € V x R” and for all pairs 8,6, € ©,

M(v, x, 91) (v x,05)

T

+ 3—9 v, x, )M (v, x,0;) = 25(v,x). (14)

Suppose furthermore that there exist numbers 7 > 0 and o >
0 such that for all € Ry, t+T S((r),x(r))dt > olp,
and a number L, > 0 such that for all (v, x, é) € VxR"x0,
lg(w,x,0) — g(v X, 9)|| <L (OTS(v x)@)l/2 Then As-
sumption 3 is satisfied with the update law ug (v, %, qb 9)
Proj(TM (v, X, 9)((;5 g, X, 9))), where T is a symmetric,
positive-definite gain matrix.

V. STABILITY OF INTERCONNECTED SYSTEM

When connecting the two modules, we need one additional
assumption about the parameter update law.

Assumption 4: The parameter update law ug(v, X, (j) 9) is
Lipschitz continuous in (%, ¢) uniformly in (v, 9) on V x
R" x R* x ©.

Remark 3: The Lipschitz condition in Assumption 4 is
a global one, in the sense that X and ¢3 are not presumed
to be bounded. Such a condition may fail to hold in many
cases. However, if a local Lipschitz condition holds, then
the update law is easily modified to satisfy Assumption 4 by
introducing a saturation on X and (;3 outside X and . We
also remark that when checking Assumption 4, the projection
in the update law may be disregarded, since the Lipschitz
property is retained under projection [2, App. Al.

Theorem 1: If the gains are chosen according to Section
II-A.2 (for SISO systems) or Section III-B.2 (for MIMO
systems), then there exists 0 < &* < 1 such that for all
0 < & < &%, the origin of the error dynamics (4), (12) is
exponentially stable with R”T* x (® — ®) contained in the
region of attraction.

Proof: See Appendix. |

VI. REDESIGN FOR IMPROVED STATE ESTIMATES

The modified high-gain observer is designed to estimate
not only the states x, but also the perturbation ¢. This
configuration may not result in optimal estimates of Xx.
In many cases, less noisy estimates may be obtained by
implementing a second observer that does not include a
perturbation estimate. Instead, this observer has the form
)§ = AXx + Bu + Eg(v,x, 0) + Kyx(e)(y — Cx), with
6 obtained from the first observer. The second observer
can be designed using the same high-gain methodology as
the modified high-gain observer, by transforming the error
dynamics ¥ = AX + Eg — K.(¢)J to the form (6) and
designing gains. In this case, & := g(v,x,0) — g(v, X, 0),

rather than d , is the input that is transformed to §, and we
need to impose the same Lipschitz-like assumptions on g as
we previously did on d. The resulting 1SS property of the
second observer with respect to the parameter error ¢, and
the boundedness of 6, justifies this type of cascaded design.

VII. DISCUSSION

The purpose of the modified high-gain observer described
in Section III is to estimate the states and the perturbation
with sufficient accuracy to guarantee stability in closed loop
with the parameter estimator. As implied by the name, a
high gain may sometimes be required to achieve stability.
Such cases are of little practical interest, because a high gain
usually results in unacceptable noise amplification. Often,
however, only a moderate gain is required. Since the required
gain depends on quantities that are difficult to determine
analytically, such as Lipschitz constants, the observer is
typically tuned by starting with ¢ = 1 and decreasing ¢ in
small decrements until satisfactory performance is achieved.

The zero structure of the system is of vital importance in
the high-gain design methodology presented in Section III. It
is well-known that small perturbations to the system matrices
can lead to dramatic changes in a system’s zero structure. In a
SISO system, for example, an arbitrarily small perturbation of
the system matrices can reduce the system’s relative degree,
resulting in singularly perturbed zero dynamics [22]. The
result may be a poorly conditioned system description, with
very large elements occurring in the SCB system matrices. In
these situations, it is often better to design the observer gains
with respect to the unperturbed system matrices. In Section
VIII, we discuss a problem for which this precise situation
is encountered.

VIII. SIMULATION EXAMPLE

We consider the example of a DC motor with friction
modeled by the LuGre friction model, borrowed from [23].
The model is described by Jo = u — F, where o is the
measured angular velocity, u is the motor torque, F is the
friction torque, and the parameter J = 0.0023kgm? is the
motor and load inertia. The friction torque is given by the
dynamic LuGre friction model: F = ogn+010+arw, where
the internal friction state 1 is given by 7 = w—ogn|w|/¢(w),
with ¢(w) = ap + ajexp(—(w/wg)?). The model is pa-
rameterized by o9 = 260.0Nm/rad, 01 = 0.6Nms/rad,
a9 = 0.28Nm, @3 = 0.05Nm, o = 0.176 Nms/rad, and
wo = 0.01rad/s. We shall assume that these parameters
are known, except for the uncertain parameter 0 = o,
which represents static Coloumb friction. To indicate that
¢ depends on the unknown parameter, we shall henceforth
write {(w, ). We assume that 6 is known a priori to
belong to the range ® := [0.05Nm, 1 Nm]. Following the
notation from previous sections, we write x = col(w, 1),
y = w, and v = col(u, y). Let us define the perturbation
¢ = g, x,0) = oon|y|/¢(w, ). It is straightforward to
confirm that the system with input ¢ and output y is left-
invertible and minimum-phase, as required by Assumption
1. By extending the state space as described in Section III,
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Fig. 1.  From top: angular velocity @ (solid) and noisy measurement
y (dashed); angular velocity @ (solid) and estimate @& (dashed); internal
friction state 1 (solid) anq estimate 7 (dashed); unknown parameter 6 (solid)
and parameter estimate 6 (dashed)

we obtain the system Jo = u — (a2 + 01)® — 0o1 + 019,
7:7 = w_¢’ ¢ = d(U,X,9,¢).

Remark 4: In the definition of g, we have used the ab-
solute value of the output y, rather than w, which implies
that g(v, X, ¢) will be implemented as ao7|y|/{(®, ), rather
than ogn|®|/{(®, ). The reason for defining g in this way
is that the presence of |@| in g(v,x,0) would make it
impossible to satisfy the Lipschitz-like condition on d in
Assumption 2.

A. Observer Design

We start the observer design by creating a modified
high-gain observer according to (3). We then obtain error
dynamics of the form (4):

‘E) —%(0524-01) —%00 %01 0:)
é 0 0 0 1)
0
~ Kx(e)]| -~
+10|d—-|.° } ,
1 |:K¢(‘9) J

where Ky(¢) and Ky(e) are to be designed. Using the
software from [24] to transform the error dynamics to the
SCB, we obtain

. 0o oo(—o102 + Jog)
Xa=—"—"Xa*t+ 3
01 01

y — Ka(e)y,

X‘Il = Xq, — Kg, ()2
oo(—0o102 + Joy)
- q
Jo? :

0o
+ o tat §—Kgp @)y, v =Xq-

2
Joo — o102 — 07

Xar = o1J Xaz

We may now proceed to design the gains according to Sec-
tion III-A.2. However, we quickly discover that the problem
is poorly conditioned, and that we consequently require an
unacceptably large gain. The reason for the poor conditioning
is that the parameter o; acts as a small perturbation in
the system matrices that reduces the relative degree of the
system and results in singularly perturbed zero dynamics.
This is precisely the situation discussed in Section VII. To
eliminate this problem, we design the gains with respect to
the simplified design system obtained by setting o7 = 0:

) Loy —L1oy 0 0

. J 92 70 -

il=] 1 0 —1|+]0 d—[llg"g]y.
¢ 0 0 0 1 ¢

This system is transformed to the SCB representation y,, =
%542 - Kq, ©)y, qu = Xqz — qu(s)y, qu : _UTOXIIZ._
FXqs T3 — Kgs(e)y, v = xq,- We now design the gains
according to Section III-A.2, placing the poles of H = A, —
K,C, at —1, —2, and —3.

To design the parameter estimator, we note that whenever
¢ # 0, we have 0 = oon|yl/¢ — arexp(—(w/wo)?).
We may therefore apply Proposition 2, by defining
6 = Proj(I(v, £, $)T(0* (v, X, $) — é)), where 0* repre-
sents the algebraic solution 0*(v,%,¢) = ooilly|/¢ —
arexp(—(d/wg)?), found whenever l(v,fc,qg) > 0. We
define l(v,fc,qg) as l(v,ﬁ,qg) = 1 when |q§| > 1, and
l(v,fc,q@) = 0 otherwise, and choose the gain ' = 1.
According to Proposition 2, this approach is valid, assuming
that |¢| > 1 is guaranteed to occur some portion of the time.

Remark 5: For simplicity and due to space constraints, we
have ignored a couple of technicalities in this example: we
have not used any projections or saturations; and we have
defined /(v, x, qAS) to be discontinuous in (]3, thereby breaking
the Lipschitz condition in Assumption 4. It is easy to redefine
I(v,%, ) to fix this problem.

B. Simulation Results

We simulate the system with the output y corrupted by
noise. The noisy output can be seen together with the actual
angular rate w in the top plot in Fig. 1. We find that ¢ =
1, which translates to K(g) ~ [6,0,6]T, ensures stability.
The resulting estimates of @ and n are somewhat noisy, not
primarily due to the injection term, but due to the use of
the noisy output y in constructing g(v, X, #). To improve
the state estimates, we create a second observer that uses the
parameter estimate 6 from the first observer, as described in
Section VI. In the second observer, Lipschitz-like conditions
must only be placed on g, and not on the derivative d, and
we can therefore implement g (v, X, 8) in the second observer
using only the state estimates, and not the noisy output y.
We follow the same high-gain methodology to construct the
second observer, placing the poles of the matrix H at —1 and
—2 and selecting ¢ = 1, which translates to K(g) ~ [3,0]".
The resulting state estimates can be seen in Fig. 1, together
with the parameter estimate.



APPENDIX

Proof of Lemma 1: The error dynamics (4) with K(g) =
0 consists of a system described by the left-invertible,
minimum-phase triple (C, 4, E), augmented by adding an
integrator at each input point. Because integrators are left-
invertible, it follows from the definition of left-invertibility
that the augmented system is also left-invertible. The invari-
ant zeros of a left-invertible triple (C, A, E) are the values of
z for which the Rosenbrock system matrix [Zf EA _(F ] loses
rank. It is easy to confirm that when the triple (C, A, E)
is augmented with an integrator at each input point, the
resulting Rosenbrock system matrix loses rank for precisely
the same values of z as before, and hence the invariant zeros
(and the minimum-phase property) remain the same. |

Proof of Lemma 2: This proof is based on the theory of
[6]. The proof is stated for the MIMO case, but is valid for
SISO systems as a special case. Define &, = x4, & = )b,

and §; = col(y,,....&, ), where for each j € 1,... k,
€4, = Sjxq;» where §; = = " diag(1,...,&"%~ ) We
then obtain the following equations:
§a = Adka. b = (Ap — KppCp)Ep, (152)
gsq/‘ = Hquj

+ By, €™ (Da;a + Dy, & +8; + Dg ). (15b)

where D;j = qudiag(Sl_l,...,Sk_l). Let P,, Py, and
Pq_/., j = 1,...,k, be the symmetric, positive-definite
solutions of the Lyapunov equations P,A, + AlP, =
—In,. Po(Ap — KppCp) + (Ap — KppCp)TPp =
and Py, H; + H/ Py, =

&3 Paka + &) Pop + 82;;1 &7, Pa;&q,- We then have

_Inb,
—I,,qj, respectively. Define W =

k k
W< =€l = €11 = D lIEg, 1> + ™ Y 21| Py, |
j=1 Jj=1
X (1Da; IlEall + 1105, 11Es 1l + 1871 + 1D, 1154 1D 1€, 11

From the Lipschitz-like condition on d from Assumption 2,
we know that for each j € 1,...,k, there exist constants
Ba;» Bb;» Po,, and Bg; such that 16; 1 = Ba;llxall +
Bo, Il xoll + Bo, 161l + Bq, Il xgll, which means that [|8;] <
Baj IEall + Bo, &1l + Be; 161l + 6@~V By [1£,]|. We fur-
thermore have ||D8j | < 8_("‘7_1)||Dq_/ Il

Let po = Yjoi204, (1D, ]l + Ba)) ps =
> 2Py 1(1Ds, 1+ Boy)s pg = 5=y 21 Py, (1 Dy, Il +
Bg;), and pg = Zle 2|| P4, By, - Then we may write

W < —ll&ll® = 181> — (1 — epg) €411
+ " pall€alll&qll + €™ pp 1€ 11541l + €™ pallO1111E4 -

Note that p, is multiplied by &. Furthermore, note that
the cross terms between ||£,| and ||, ||, and between ||&p||
and |||, are multiplied by &"¢ relative to the stabilizing
quadratic terms in ||£,]|%, ||€5]|%, and ||&,|?. It is therefore
straightforward to show that, by decreasing &, the cross terms
are dominated, and there exist positive constants ¢4, Cp,

and ¢, such that W < —cqll&all® — cpllén ] — cqllég* +

gha p9||9||||§q|| This expression shows that W is negative
outside a ball around the origin, the size of which is
proportional to 6. From [%5, Th. 4.19], we conclude that
(15) is 1ss with respect to 6. Since (15) is obtained through
a nonsingular transformation of (4), the same holds for (4). &

Proof of Theorem 1: We first note that Assumption 3
ensures that if 6(zp) € ©, then for all € Rxg, 6(¢) € O.
From Lemma 2, the error dynamics (4) is 1SS with respect to
6. Hence, any trajectory of (4), (12) originating in R”+¥ x
(®—0) remains in a compact subset of R” ¥ x(©—0) for all
future time. In the remainder of this proof, we shall deal with
the transformed system (15) from the proof of Lemma 2, and
prove that this system, together with (12), is exponentially
stable with R"*k x (® — ©) contained in the region of
attraction. This will imply that the theorem holds with respect
to the error dynamics (4), (12). Based on Assumption 4, we
know, by following the same argument as for ||§;| in the
proof of Lemma 2, that there exist posmve constants ,3a, ,Bb,
By such that ug(v, x.¢.0) —ug(v.%.6.0)| < Balltall +
Bollesll + &M=V B, g, Define V := W + sV,
where W is from the proof of Lemma 2 We then obtain

V < —call&all® = collénll — cqllqI* — aze®™ "6
+&"[(pg + aaBo)llsqll + asBalléall + asBpllEs 11O

To show that we may dominate all the cross terms in the
expression above by decreasing &, note that for arbitrary
positive constants o, oy, and a3, the expression —ozl{f —
2?9712 + o364 {1L, can be made negative definite by
selecting & < 4ajay/ a%. Since we may split out expressions
like the one above for each of the cross terms (by letting oq
and a, be small fractions of the negative quadratic terms, and
a3 the constant in the cross term) and make them negative
definite by decreasing e, it is clear that there exists ¢* and
a constant ¢ > 0 such that for all 0 < & < &¥, vV <
—c(lI&all* + 1€ 11> + 114 1> + 1101?). This expression holds on
the set R"+k x (® — ®). By invoking the comparison lemma
[25, Lemma 3.4], we may therefore conclude that the origin
of (15), (12) is exponentially stable with R"H* x (0 — ©)
contained in the region of attraction, and the same holds for
4, (12). ]

Proof of Proposition 2: For ease of notation, we write
(1) [(v(2), x(t) ¢(t)) Inspired by [26] we use the
function V, = 167 (™' —pu [ e " 1,I(r)dr) 6, where
u>0isa Consta~nt yet to be specified. We first note that
10T(T™1 = ul,) 0 <V, < 10TT'16. Hence, V, is positive
definite provided /& < Amin(T™"). With ¢ = ¢ and & = x,
we get 6 = —Proj(/ (l)l"é). Using the property [9, Lemma



E.1] that —0TT"~ 1Proj(r) < —6TT 17, we have

. 1 - ~ 1 - R -
V= 5uT 1,106 - EMGT/ e~ 1,I(7)dr
t

—a7 (F—

1 ] -
<—-(1- EM)l(z)eTe - Epwe_TGTO

1 ufwet_rlpl(r) dr) Proj(/(1)T'6)

. o0
+ 1|8 Hf eI l(r)dt

Hproj(m)ré) H

< (1——M pVEITIDION61 — /¢L(7€_T||9II2

where « is the ratio of the largest to the smallest eigen-
value of I'"!. Above, we have used the property [9,
Lemma E.1] that Proj(r)'T~!'Proj(r) < t'I'"!rz, which
implies that ||Proj(t)|| < +/k|z||. We have also used that
[T (r)dr > ftH_ e Tl(r)dr > e T ftt+Tl(r) dr >
e To. From the calculation above, we see that the time
derivative is negative definite provided u < 1/ (%
VelTD. u
Proof of Proposition_3: For the sake of brevity, we
write M = M(v,x, 9) With ¢ = ¢ and X = ux,
we get 6 = —Proj(TM (g (v, x,0) — g(v, x, 0))) We use
the function V, = 19TF 19. Using the property [9,
Lemma E. 1] that —GT “1Proj(r) < QTF 7, we have
Vo = =30™M(g(v,x,0) — g(v,x,6)) — $(g(v,x,6) —
g(v,x,@))TMTO. Since g(v,x,0) is contlnuously differ-
entiable with respect to 6, we may write, according to
Taylor’s theorem (see, e.g., [27, Theorem 11.1]), g(v, x, 6) —
gv. x, 0) = fo [0g/00](v, x. 6 + p9)9 dp. Hence, we have
V, < ——fO OT(M[8g/80](v x,0+ ph)+[0g/30](v, x, 0 +
pOTMN0dp < —f 6TPAdp = —FTPH, which proves
that Assumption 3 holds. |
Proof of Proposition 4: We use the function V, =
%QT (F_l —;Lftoo TS (v(x), x (7)) dr) 0, where u > 0 is
a constant yet to be specified. First, we confirm that V, is
positive definite. We have T Qi T™H = )16 < Vi, <
%Amin(F_I)HQHZ’ where Ais‘ = SUP(y, eV x X Amax(S(V, X)).
It follows that V; is positive definite provided Ay, (I'~!) —
uAs > 0, which is guaranteed if u < Amn(I71)/A%.
When we insert gﬁ ¢ and x = x, we get the same
error dynamics as in the proof of Proposition 3. Follow-
ing a calculation similar to the proof of Proposition 2,
we get V, < —(1 — M)QTS(U )0 — Iuoe TN0)? +
fMS||r||MMLg||0||(9TS(v x)0)/2, where Mg and
My are bounds on || S(v, x)| and | M (v, x, 9)||, respectively,
and x is ratio of the largest to the smallest eigenvalue
of 1. We may write this_as a quadratic expression
with respect to col((8TS(v,x)8)"/2,||A]]). It is then easily
confirmed that V, is negative definite if u < 2/(1 +
KkMZ|T|2PMy Lo~ eT). ]

(16)
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Corrigendum to “State and Parameter Estimation
for Linear Systems with Nonlinearly
Parameterized Perturbations”

Havard Fjer Grip, Ali Saberi, and Tor A. Johansen

In Section III-B.2, there is a scaling error in the expression for K[M. The correct
expression is

K'/Ijl

l4 qu'nq-
quqz |:an]><(1'1) CO]( FEEEERE é_an‘J) anjx(kj)j|-

Left uncorrected, the error affects MIMO systems of non-uniform rank, but not S1so
systems or MIMO systems of uniform rank.



